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Abstract
Group 2 innate lymphoid cells (ILC2s) are type 2 cytokine-producing cells that have important 
roles in helminth infection and allergic inflammation. ILC2s are tissue-resident cells, and their 
phenotypes and roles are regulated by tissue-specific environmental factors. While the role of ILC2s 
in the lung, intestine and bone marrow has been elucidated in many studies, their role in adipose 
tissues is still unclear. Here, we report on the role of ILC2-derived bone morphogenetic protein 7 
(BMP7) in adipocyte differentiation and lipid accumulation. Co-culture of fat-derived ILC2s with 
pluripotent mesenchymal C3H10T1/2 cells and committed white preadipocyte 3T3-L1 cells resulted 
in their differentiation to adipocytes and induced lipid accumulation. Co-culture experiments using 
BMP7-deficient ILC2s revealed that BMP7, produced by ILC2s, induces differentiation into brown 
adipocytes. Our results demonstrate that BMP7, produced by ILC2s, affects adipocyte differentiation, 
particularly in brown adipocytes.
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Introduction
Functional differences between white adipocytes and brown 
adipocytes have been reported (1). The main role of white 
adipocytes is energy storage, while brown adipocytes ex-
pend energy for heat production. In addition to these two 
classes, beige adipocytes, identified in 2012 (2), share the 
thermogenic properties of brown adipocytes, but are genet-
ically distinct (3, 4). Bone morphogenetic protein 7 (BMP7) 
derives its name from its role in bone formation; however, it 
is known to have a wide range of functions, including cell 
differentiation. This protein regulates the survival or mainten-
ance of differentiated cell types, including kidney and eye 
cells (5, 6). Recently, BMP7, a member of the transforming 
growth factor (TGF-β) family, was identified as an inducer of 
brown adipocyte differentiation (7). BMP7 triggers the differen-
tiation of mesenchymal progenitor cells into committed brown 
preadipocytes by up-regulating the expression of brown adi-
pocyte markers, such as Ucp1, Prdm16 and Pgc1α, during 
adipogenesis (7). Further, treatment with BMP7 induced the 
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proliferation and differentiation of adipocytes and osteoblasts 
(8). While many reports have focused on BMP production by 
fibroblasts, the function of BMP7 production in hematopoietic 
cells has not been reported (9).
We previously reported that group 2 innate lymphoid cells 
(ILC2s) respond to interleukin (IL)-25 and IL-33 during para-
sitic infection and allergic inflammation, producing a large 
amount of type 2 cytokines, including IL-5 and IL-13 (10). 
IL-5 induces eosinophil infiltration, while IL-13 induces goblet 
cell hyperplasia. These cytokines act in the lung and intes-
tine to eliminate parasites, but can also exacerbate allergic 
inflammation. Recent studies have also reported that ILC2s 
produce amphiregulin, which plays a role in tissue repair, and 
that ILC2-derived IL-13 promotes the differentiation of Lgr5+ 
epithelial stem cells in the small intestine (11, 12). ILC2s 
are tissue-resident cells (13), and have a unique function in 
the small intestinal lamina propria (SILP), lungs, mesenteric 
lymph nodes and other organs. Mesenteric adipose tissue, 
in which ILC2s were originally identified, contains the largest 
number of ILC2s compared to other tissues.
While the role of ILC2s in other tissues has become clearer, 
the importance of ILC2s in adipose tissue remains to be elu-
cidated. Therefore, we sought to determine the role of ILC2s 
in adipocytes. To accomplish this, we examined the pres-
ence of ILC2s in adipose tissue and the function of ILC2-
derived BMP7 on adipocytes and its effect on adipocyte 
differentiation.
All adipocytes differentiate from mesenchymal stem cells, 
but their developmental regulation is complex and controlled 
by a variety of factors. The stages of adipocyte differentiation 
can be distinguished by examining the phenotype of stem 
cells, preadipocytes and mature adipocytes. Adipocytes are 
thought to originate from pluripotent stem cells, with cytokines 
and environmental factors playing a role in their differentiation 
into mature adipocytes (Fig. 1). Adipose stem cells differen-
tiate into committed white or brown preadipocytes, which fur-
ther differentiate into white or brown adipocytes. Immature 
adipocytes and stem cells express markers including Pdgfra, 
Cd34, Sca-1, Cd29 and Cd24. Expression of these markers 
is lost with development of mature adipocytes (14–17). Matrix 
metalloproteinase 2 (MMP2) is involved in modulation of the 
extracellular matrix (ECM) (18). In addition, MMP2 was shown 
to be secreted by primary adipocytes and to be required for 
the formation of multicellular adipose clusters (15, 19–21).
Here, we report that ILC2s are abundant in adipose tissues 
and function in adipogenesis. We also found that BMP7 is highly 
expressed in ILC2s, compared to other lymphocytes, and in-
duces lipid accumulation and adipocyte differentiation from mes-
enchymal stem cells and preadipocytes to brown adipocytes. 
Additionally, we found that BMP7, derived from ILC2s, induces 
brown adipocyte differentiation from committed preadipocytes 
to adipocytes. These results suggest that ILC2s are important 
for the maintenance of homeostasis in adipose tissue.
Methods
Mice
Mice used in this study were of a C57BL/6N background and 
were maintained in the RIKEN Center for Integrative Medical 
Sciences (RIKEN IMS, Kanagawa, Japan) under specific 
pathogen-free conditions. Aged mice are defined as mice 
older than 4  months of age that were retired from breeding. 
Wild-type (WT) C57BL/6N mice were purchased from Charles 
River Laboratories (Kanagawa, Japan), or CLEA Japan (Tokyo, 
Japan). Bmp7flox/flox mice were provided by A. N. Economides 
of Regeneron Pharmaceuticals Inc., Tarrytown,  NY, USA and 
M.  Yanagita of Kyoto University, Kyoto, Japan (22). Roraflox/
flox mice were provided by M. Nakayama of the Kazusa DNA 
Research Institute (Chiba, Japan) and S. Koyasu, O. Ohara and 
H. Koseki of the RIKEN IMS (Supplementary Figure 1). Rag2−/− 
(RAGN12) and Il2rg−/−Rag2−/− mice (004111) were purchased 
from Taconic Biosciences. Vav1-iCre mice (008610) and Cre-
ERT2 transgenic mice (004682) were obtained from the Jackson 
Laboratory. Bmp7flox/flox Cre-ERT2 mice were injected intra-
peritoneally with 4-OHT diluted with corn oil (Sigma-Aldrich, 
St Louis, MO, USA) for five consecutive days at a dose of 
1 mg/25 g body weight. ILC2s were isolated from aged female 
breeder mice, unless stated otherwise. All experiments were ap-
proved by the Animal Care and Use Committee of the RIKEN 
IMS and performed in accordance with institutional guidelines.
Preparation of cells from adipose tissue and small 
intestine
ILC2s were isolated from mesentery and small intestine as 
described previously (23).
Culture of ILC2s
ILC2s were cultured at 37°C under 5% CO2/95% air in Roswell 
Park Memorial Institute  1640 (Sigma-Aldrich, Tokyo, Japan) 
containing 10% fetal bovine serum (FBS, Gibco), 50  μM 
2-ME (Life Technologies, Grand Island, NY, USA), 100 U 
ml−1 penicillin, 100 μg ml−1 streptomycin (Life Technologies), 
50  μg ml−1 gentamycin (Nacalai Tesque, Kyoto, Japan), 
1× non-essential amino acids (Sigma-Aldrich), 10  mM 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, 
Sigma-Aldrich) (Sigma-Aldrich) and 1 mM sodium pyruvate 
(Life Technologies). The medium was supplemented with the 
cytokines IL-2 (R&D Systems, Minneapolis, MN, USA), BMP2 
(R&D Systems), BMP4 (R&D Systems), BMP7 (R&D Systems), 
IL-33 (R&D Systems), at a concentration of 10 ng ml−1.
Antibodies
Monoclonal antibodies (mAbs) specific for mouse c-Kit 
(2B8), FcγR (2.4G2), CD3ε (145-2C11), CD4 (GK1.5), CD8α 
(53-6.7), CD5 (53-7.3), Gr-1 (RB6-8C5), erythroid cell marker 
(TER-119), CD19 (1D3), CD11c (HL3), Mac-1 (M1/70), B220 
(RA3-6B2), FcεRIα (MAR-1), NK1.1 (PK136), Sca-1 (D7), 
CD45.2 (104), Thy1.2 (53-2.1), NKp46 (MAR1), GATA3 
(L50-823) and RORγt (Q31-378) were purchased from BD 
Pharmingen (Tokyo, Japan).
Flow cytometry
Flow cytometry was performed using a FACSAria II (BD 
Bioscience, San Jose, CA, USA) and FACSAria III (BD 
Bioscience). Data were analyzed using FlowJo Software (Tree 
Star, Ashland, OR, USA). Freshly sorted ILC2s are referred 
to as ‘naive’ ILC2s here. In this study, mAbs to CD3ε, CD4, 
CD5, CD8α, CD11c, F4/80, CD19, NK1.1, Gr-1, TER119 and 
FcεRIα were used for the detection of lineage markers. mAbs 












 user on 21 April 2020
BMP7 from ILC2s regulates adipocyte differentiation  Page 3 of 13
Gating strategies for flow cytometry of ILC2s
ILC2s can be identified as CD45+Lin−Sca-1+c-Kit+ cells but 
since there is no marker that can detect ILC2s by single 
staining, we used several combinations of mAbs to detect 
ILC2s by flow cytometry (10). Group 1 innate lymphoid cells 
(ILC1s), ILC2s and group 3 innate lymphoid cells (ILC3s) were 
detected as Lineage−NKp46+, Lineage−KLRG1+GATA3+ and 
Lineage−KLRG1−RORγt+ cells, respectively (Fig. 2A). CD3ε, 
CD4, CD5, CD8α, CD19, NK1.1, B220, CD11b, CD11c, Gr-1, 
FcεRIα and Ter119 were used as lineage markers.
Quantitative real-time PCR
Total RNA was prepared using Isogen (Nippon Gene, 
Toyama, Japan) or TRIzol Reagent (Thermo Fisher Scientific, 
Waltham,  MA, USA), and cDNA was synthesized with the 
SuperScript III First-Strand Synthesis System (Thermo Fisher 
Scientific). Expression was measured by the StepOnePlus 
real-time quantitative PCR system (Applied Biosystems, 
Foster City, CA, USA) with SsoAdvanced Universal SYBR 
Green Supermix (Bio-Rad, Hercules, CA, USA). Relative 
expression was calculated by normalizing the concen-
tration of the target gene to the concentration of Actb or 
Gapdh in the same sample. Primer sequences are listed 
below. Mmp2-forward 5′-GGTGCTCCACCACATACAACT-3′, 
Mmp2-reverse 5′-CCCATGGTAAACAAGGCTTC-3′, Pdgfra-
forward 5′-TGAAGGCAGGCACATTTACATCTA-3′, Pdgfra- 
reverse 5′-TACTTGAGTCTCCGGATCTGTG-3′, Cd34-forward 
5′-CAGGAGAAAGGCTGGAGCT-3′, Cd34-reverse 5′-GTTG 
TCTTGCTGAATGGCCG-3′, Leptin-forward 5′-CAAGCAGTG 
CCTATCCAGA-3′, Leptin-reverse 5′-AAGCCCAGGAATGAA 
GTCCA-3′, Pparg-forward 5′-TCAGCTCTGTGGACCTCT 
CC-3′, Pparg-reverse 5′-ACCCTTGCATCCTTCACAAG-3′, 
Prdm16-forward 5′-GACATTCCAATCCCACCAGA-3′, Prdm16- 
reverse 5′-CACCTCTGTATCCGTCAGCA-3′, Lpl-forward 
5′-GTGGCCGAGAGCGAGAAC-3′, Lpl-reverse 5′-AAGAAGG 
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AGTAGGTTTTATTTGTGGA-3′, Bmp2-forward 5′-CTGCGG 
TCTCCTAAAGGTC-3′, Bmp2-reverse 5′-ACCTGGGGAAGC 
AGCAA-3′, Bmp7-forward 5′-CGAGACCTTCCAGATCACA 
GT-3′, Bmp7-reverse 5′-TGAAGGGTTGCTTGTTCTGG-3′, 
Bmpr1a-forward 5′-CAGCAGGACCAGTCATTCAA-3′, Bmpr1a- 
reverse 5′-CTGGCTTCTTCTGGTCCAAG-3′, Bmpr1b-forward 
5′-CCCCACTCTGCCTCCTCT-3′, Bmpr1b-reverse 5′-GGT 
CGGGCTTCTTGTCTTTT-3′, Gapdh-forward 5′-TCCCACTCT 
TCCACCTTC-3′, Gapdh-reverse 5′-CTGTAGCCGTATTCATT 
GTC-3′, Actinb-forward 5′-ACTATTGGCAACGAGCGGTTC-3′, 
Actinb-reverse GGATGCCACAGGATTCCATAC-3′.
Chromatin immunoprecipitation (ChIP) and ChIP 
sequencing
Cells were sonicated using a Bioruptor (Sonic Bio, Tokyo, 
Japan). Soluble chromatin was immunoprecipitated with 
anti-H3K4me3 (Abcam) and anti-H3K27me3 (Millipore). For 
Fig. 2. ILC2s are most abundant in vWAT compared to sWAT and iBAT. (A) Gating strategy of ILC2s in mWAT, eWAT, sWAT and iBAT. (B and C) 
The ratio of ILC2s isolated from mWAT, eWAT, sWAT and iBAT from C57BL/6N male mice at week 10. (B) Ratio of CD45+Lin+ cells, CD45+Lin− 
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sequencing, libraries were prepared with KAPA HTP Library 
Preparation Kits for illumina (KAPA). A  HiSeq 1500 system 
(Illumina) was used for 50 single-end-base sequencing. 
Sequenced reads were trimmed for adaptor sequences and 
were masked for low-complexity or low-quality sequences, 
then were mapped to the reference genome (mm9 assembly 
of the mouse genome) with Bowtie2 software, version 0.12.7. 
To visualize, IGV2.3 was used.
Histological analysis
Brown and white adipose tissues were fixed for at least 
24 h with 10% formalin and embedded in paraffin. Sections 
(2  μm in thickness) were stained with hematoxylin and 
eosin (Sakura Fintek, Tokyo, Japan). The pictures were 
taken with a BZ-X700 All-in-One Fluorescence Microscope 
(KEYENCE, Osaka, Japan). Adipocyte size was measured 
using ImageJ (24).
RNA sequencing
ILC2s were isolated from the mesentery of C57BL/6N mice. 
CD4+, CD8+ T cells and natural killer (NK) cells were isolated 
from the spleen of C57BL/6N mice by flow cytometry. RNA 
was isolated with Isogen or Trizol LS, and cDNA libraries 
were prepared with the TruSeq RNA Sample Preparation kit 
v2 (Illumina) according to the manufacturer’s ‘low sample’ 
protocol. A  HiSeq 1500 system (Illumina) was used for 
50 single-end-base sequencing. Sequenced reads were 
trimmed for adaptor sequences and were masked for low-
complexity or low-quality sequences, then were mapped 
to the reference genome (mm9 assembly of the mouse 
genome) with Bowtie2 software, version 2.1.0, and TopHat2 
software, version 2.0.8. The abundance of transcripts was 
estimated as FPKM values (fragments per kilobase of exon 
million fragments mapped) with Cufflinks software, version 
2.1.1. Cytokines and chemokines were identified by their 
gene ontology term (GO:0005125). Differential gene expres-
sion was determined using DESeq2 version 1.24.0.
Oil red O staining
Cells were washed twice with phosphate-buffered saline, 
fixed with 10% buffered formalin added to each well and in-
cubated for 30 min. Formalin was removed and cells were 
washed twice with distilled water. Isopropanol (60%) was 
then added to each well. After 10 min, isopropanol was re-
moved and wells were allowed to dry. Cells were then stained 
for 20 min with filtered Oil red O solution (60%, Sigma) and 
washed twice with distilled water. The stain was extracted by 
incubation with 100% isopropanol for 10  min, and absorb-
ance was read at 490 nm by using iMark (Bio-Rad).
Cell culture and differentiation
C3H10T1/2 cells and 3T3-L1 cells were purchased from the 
American Type Culture Collection (ATCC). C3H10T1/2 cells 
were cultured at 37°C under 5% CO2/95% air in Eagle's 
Minimum Essential Medium (EMEM, ATCC), 10% FBS and 
100 U ml−1 penicillin (Life Technologies). 3T3-L1 cells were 
also cultured at 37°C under 5% CO2/95% air in Dulbecco's 
Modified Eagle's Medium (DMEM, Sigma) with 10% Newborn 
Calf Serum (NBCS, Gibco). Generation of WT Mouse 
Embryonic Fibroblast (MEF) cells and brown preadipocyte 
cell lines derived from newborn WT mice was performed 
as described in previous reports (25). These cells were cul-
tured at 37°C under 5% CO2/95% air in DMEM (Sigma) with 
10% FBS. For differentiation, 1.0 μM IBMX (Wako), 0.5 mM 
dexamethasone (Wako) and 1.0 μg ml−1 Insulin (Wako) were 
added to EMEM (ATCC) or DMEM (Gibco).
Statistical analysis
Data are presented as mean ± SD. Two-tailed Student’s 
t-tests were used for comparisons between two groups and 
Tukey–Kramer tests were used for comparing more than two 
groups. Analyses were performed in GraphPad Prism.
Results
ILC2s are abundant in visceral white adipose tissue, but not 
in subcutaneous white adipose tissue or interscapular brown 
adipose tissue
In addition to their role in infection and inflammation, the role 
of ILC2s in the maintenance of homeostasis has attracted 
attention. Initially, ILC2s were identified in fat-associated 
lymphoid clusters (FALCs) located in mesenteric white adi-
pose tissue (mWAT) (10). To study the distribution of ILC2s in 
fat tissues under steady-state conditions, we isolated ILC2s 
from several kinds of adipose tissues, including mWAT and 
epididymal white adipose tissue (eWAT), which are represen-
tative of visceral white adipose tissue (vWAT), subcutaneous 
white adipose tissue (sWAT) and interscapular brown adi-
pose tissue (iBAT). Side and forward scatter patterns of sWAT 
were clearly different from vWAT and iBAT, and the frequency 
of CD45+Lin− cells in sWAT was lower than that in other fat tis-
sues, indicating that sWAT is unique, and not a major source 
of ILCs (Fig. 2A and B). CD45+Lin− cells were abundant in 
both vWAT and iBAT. While half of CD45+Lin− cells were ILC2s 
in vWAT, in iBAT ILC1s and/or NK cells, but not ILC2s, consti-
tuted the majority of cells. It has been reported that activated 
ILC2s in white adipose tissue induce brown adipogenesis 
under IL-33 stimulation (26–29); however, the role of ILC2s 
in steady-state conditions is still unclear. High absolute num-
bers of ILC2s in vWAT suggested that ILC2s might have an 
important role in vWAT in steady-state conditions (Fig. 2C). 
To this end, we decided to investigate the role of ILC2s in 
adipogenesis.
ILC2s are involved in the maturation of adipocytes
Recently, we reported that while Rag2−/− mice that lack T 
and B lymphocytes and NKT cells gain weight on a high fat 
diet (HFD), similar to WT mice, HFD-fed Il2rg−/−Rag2−/− mice, 
which lack all lymphocytes, including ILCs, gain signifi-
cantly less body weight and adipose tissue mass than WT 
and Rag2−/− mice (30). Under inflammatory conditions, small 
intestinal ILC2s, rather than WAT ILC2s, have an effect on 
adipogenesis (30). However, under steady-state conditions, 
the role of ILC2s in adipogenesis is unknown.
In order to reveal the function of ILC2s in adipogenesis, 
we focused on adipocyte precursors. First, to investigate 
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examined the number of CD34+/platelet-derived growth 
factor α (PDGFRα)+ cells in Il2rg−/−Rag2−/− mice and Rag2−/− 
mice (Fig.  3A). Compared to Rag2−/− mice, Il2rg−/−Rag2−/− 
mice have more CD34+/PDGFRα + cells in mWAT. To elucidate 
the effects of ILC2s on adipocyte precursors, gene expres-
sion of Mmp2 and Pdgfra was investigated in ILC-deficient 
Il2rg−/−Rag2−/− mice. Observed increases in the expression 
of Mmp2 and Pdgfra support the involvement of ILCs in 
adipogenesis (Fig. 3B). Moreover, expression of Cd34, which 
is a known marker of adipocyte precursors, was increased in 
Vav1-iCre Roraflox/flox mice, which have severe defects in ILC2s 
(Fig.  3C). Furthermore, the white adipocyte marker Leptin 
was down-regulated in Il2rg−/−Rag2−/− mice (Fig. 3D). These 
results suggested that ILCs, especially ILC2s, down-regulate 
adipocyte precursor markers and have effects on the differ-
entiation of immature adipocytes into mature adipocytes.
ILC2s induce the differentiation of committed white 
preadipocytes into white adipocytes
As ILC2s exist in both white and brown adipose tissue 
(Fig. 2A), we expected that ILC2s would have effects on these 
tissues. To test this hypothesis, we first focused on their role in 
white adipocyte differentiation. In order to investigate this role, 
3T3-L1 cells, a fibroblast-like cell line isolated from Swiss 3T3 
cells derived from disaggregated 17- to 19-day-old Swiss 3T3 
mouse embryos, were co-cultured with ILC2s (31, 32). 3T3-
L1 cells are known to have the potential to differentiate into 
adipocytes under appropriate conditions, and to accumulate 
Fig. 3. Il2rg−/−Rag2−/− mice have more immature adipocytes than Rag2−/− mice. (A) Number of CD34+PDGFRα + cells in mWAT from Rag2−/− 
and Il2rg−/−Rag2−/− mice (n = 4). (B) Mmp2 and Pdgfra expression in mWAT from Rag2−/− and Il2rg−/−Rag2−/− mice (n = 4 and 5, respectively). 
(C) Cd34 expression in mWAT from Vav1-iCre Rora+/+ and Vav1-iCre Roraflox/flox mice (n = 4). (D) Leptin expression in mWAT from Rag2−/− and 
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lipids in the form of lipid droplets (33). ILC2s were co-cultured 
with 3T3-L1 cells for 4 days before induction of adipocyte dif-
ferentiation by addition of medium including dexamethasone, 
insulin and IBMX (Fig. 4A). On day 8, enhanced lipid accu-
mulation was observed with ILC2 co-culture (Fig. 4B and C), 
suggesting that ILC2s support adipogenesis in 3T3-L1 cells. 
From these results, we concluded that ILC2s induce white 
adipocyte differentiation from committed white adipocytes.
ILC2s express BMP2 and BMP7
In order to elucidate the factors by which ILC2s affect 
adipogenesis, RNA sequencing analysis was performed on 
mWAT-derived ILC2s and other lymphocytes. After extracting 
genes encoding secretion factors using the GO term ‘cyto-
kine activity (GO:0005125)’, we used one-way analysis of 
variance (ANOVA) to compare gene expression between 
each cell type. High expression levels of Bmp2 and Bmp7 
but not Bmp4 (data not shown), which are members of the 
TGF-β family, were detected in ILC2s, along with typical 
markers, such as Il5, IL13, Csf2 and Areg (Fig.  5A). It has 
been reported that BMP7 induces differentiation of adipose 
progenitor cells into brown adipocytes (7, 34), and BMP2 
and BMP4 induce differentiation to white adipocytes (35, 36). 
Both Bmp2 and Bmp7 were also previously reported to be 
highly expressed in small intestine-derived ILC2s, compared 
to other cell populations, including ILC1s, NK cells and ILC3s 
(37). However, the role of BMPs in ILC2s is still unclear.
To assess the transcriptional activity of Bmp2 and Bmp7 
loci in ILC2s, ChIP sequencing was performed (Fig.  5B). 
The promoter regions of Bmp2 and Bmp7 loci were occu-
pied by H3K4me3, but not by H3K27me3 in naive conditions 
(IL-2 culture), suggesting that ILC2s have the potential to ex-
press both Bmp2 and Bmp7 in steady-state conditions. On 
the other hand, the Bmp2 locus was occupied by H3K27me3 
under IL-33 stimulation. The lack of a similar change in the 
Bmp7 locus suggested that the epigenetic regulation of these 
two loci is different under naive and activated conditions. 
Additionally, H3K4 methylation at the Bmp4 locus was not ob-
served in ChIP-seq analysis (Supplementary Figure 2A).
Fig. 4. ILC2s induce the differentiation of committed white preadipocytes into white adipocytes. (A) Experimental model of 3T3-L1 cell culture. 
(B and C) 3T3-L1 cells were cultured with or without ILC2s, and then subjected to the adipocyte differentiation protocol. ILC2s (5.0 × 104 cells 
per well) isolated from vWAT were cultured with 3T3-L1 cells. (B) Absorbance (490 nm) of an Oil red O-stained sample of 3T3-L1 cells cultured 
with ILC2s for 4 days and with differentiation medium for an additional 8 days. (C) 3T3-L1 cells stained by Oil red. Data are presented as mean 
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To confirm the tissue specificity of Bmp2 and Bmp7 in 
ILC2s (Fig. 5A), ILC2s were isolated from mWAT and the SILP, 
and quantitative PCR was performed. Expression of Bmp2 
and Bmp7 was observed in ILC2s from both adipose tissue 
and SILP (Fig.  5C); however, Bmp7 expression was mark-
edly higher in ILC2s from mWAT than in SILP-derived ILC2s. 
There were no differences in expression levels of Bmp2 
and Bmp7 between male and female mice (Supplementary 
Figure 2B), and their expression was similar in young and 
aged mice (Supplementary Figure 2C). BMPs function 
through conserved Type I and Type II transmembrane recep-
tors (38–41) to regulate biological processes, including cell 
proliferation, apoptosis, differentiation and cell shape (42). 
RNA-sequencing data showed that ILC2s also expressed 
BMP receptors (data not shown). Therefore, we confirmed 
the expression levels of BMP receptors in ILC2s with qPCR 
(Supplementary Figure 2D). Both Bmpr1a and Bmpr1b were 
detected in ILC2s, suggesting that ILC2s produce BMP2 and 
BMP7, and also respond to BMPs by autocrine signaling. 
However, the number of ILC2s was not affected by treatment 
with recombinant BMP (Supplementary Figure 2E). These re-
sults demonstrate that the expression of BMP2 and BMP7 by 
ILC2s is not related to sex or age, and might have an effect 
on surrounding cells.
Fig. 5. ILC2s express BMP2 and BMP7. (A and B) Characteristic transcripts of individual lymphocyte subsets from WT mice. (A) Gene expres-
sion profile of selected cytokines and chemokines (GO:0005125) in immune cells. ILC2s were isolated from mWAT and sorted. CD4+T cells, 
CD8+T cells, B cells and NK cells were sorted from spleen. (B) ChIP-sequence analysis of ILC2s cultured under IL-2 or IL-33 stimulation. (C) 
Expression of mRNA encoding Bmp2 and Bmp7 in ILC2s from mesentery and small intestine, and B cells from the spleen of untreated WT 
mice (n = 4 and 5). Data are presented as mean ± SD and are representative of 2–4 independent experiments. ns, not significant (P > 0.05); 
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ILC2s induce mesenchymal stem cell differentiation into 
adipocytes
We first speculated that BMP expression might be 
up-regulated by IL-33 simulation, because ILC2s were re-
ported to induce brown adipogenesis under IL-33 stimula-
tion (26–29). To test this, ILC2s were isolated from adipose 
tissue of IL-33-injected mice (Supplementary Figure 3A) and 
BMP expression was assessed by real-time PCR. Contrary 
to our expectations, expression of both Bmp2 and Bmp7 in 
ILC2s was down-regulated by IL-33 injection (Supplementary 
Figure 3B). Down-regulated expression of Bmp2 and Bmp7 in 
vitro under IL-33 stimulation suggested a direct effect of IL-33 
on expression of BMPs in ILC2 (Supplementary Figure 3C). 
Therefore, we decided to focus on the role of ILC2-derived 
BMP under steady-state conditions.
Whereas 3T3-L1 cells are commonly used to assess 
adipogenesis from fibroblasts, C3H10T1/2 cells, a mesen-
chymal stem cell line established from 14- to 17-day-old C3H 
mouse embryos (43), are used to investigate adipogenesis 
from a much earlier phase in cell differentiation. C3H10T1/2 
cells show fibroblastic morphology, are functionally similar 
to mesenchymal stem cells and differentiate into adipocytes 
(44–46). 3T3-L1 cells are known to be more committed to the 
white adipocyte lineage compared to C3H10T1/2 cells. BMP7 
has been reported to induce the differentiation of brown adi-
pocytes (7, 34) and therefore, we expected that BMP7, pro-
duced by ILC2s, would affect adipocyte precursors and play 
a role in their differentiation and/or proliferation. To assess 
the possibility that ILC2s support adipocyte differentiation 
of C3H10T1/2 cells, C3H10T1/2 cells were co-cultured with 
ILC2s for 4 days prior to the addition of differentiation medium 
and cells were cultured for an additional 8  days as shown 
in Fig.  6(A) after which lipid accumulation was examined 
(Fig.  6A). Quantitative analysis by Oil red O staining sug-
gested that BMP7 accelerated differentiation and lipid accu-
mulation in C3H10T1/2 cells. Thus, similar to the result from 
the 3T3-L1 co-culture experiment in Fig. 4(B and C), ILC2s 
also induced lipid accumulation in C3H10T1/2 cells (Fig. 6B 
and C). These results suggested that ILC2-derived BMP7 
supports adipogenesis in C3H10T1/2 cells.
ILC2-derived BMP7 regulates brown adipocyte 
differentiation
Although ILC2s induce differentiation and lipid accumula-
tion, it remains unclear what factors from ILC2s influence 
adipogenesis. To assess the role of BMP7, which was highly 
expressed in mWAT-derived ILC2s during adipocyte differ-
entiation, we established mice deficient in BMP7 in ILC2s. 
We crossed Bmp7flox/flox mice with Cre-ERT2 mice, and treated 
them with tamoxifen by intra-peritoneal injection (Fig.  7A) 
(22, 47). After treatment of Cre-ERT2 Bmp7flox/flox mice or Cre-
ERT2 Bmp7+/+ mice with tamoxifen, mWAT-derived ILC2s 
were sorted. Tamoxifen treatment depleted BMP7 in mWAT-
derived ILC2s (Fig. 7B). The expression level of Bmp7 was 
also down-regulated in ILC2s of Cre-ERT2 Bmp7flox/flox mice 
(Supplementary Figure 4A).
To assess the role of BMP7, produced by ILC2s, the 
stromal vascular fraction (SVF) from BAT that includes brown 
Fig. 6. ILC2s induce mesenchymal stem cell differentiation. (A) C3H10T1/2 cells were cultured without or with ILC2s and BMP7, and were then 
subjected to the adipocyte differentiation protocol. ILC2s (5.0 × 104 cells per well) isolated from vWAT were cultured with C3H10T1/2 cells. (B) 
Absorbance (490 nm) of Oil red O staining sample of 3T3-L1 cells cultured with BMP7 or ILC2s for 4 days and differentiation medium for 8 days. 
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adipocyte precursors was co-cultured with ILC2s from 
tamoxifen-treated Cre-ERT2 Bmp7flox/flox mice or Cre-ERT2 
Bmp7+/+ mice (Fig. 7A). After 3 days of co-culture, expression 
of Cd34 and Mmp2, which are known to be higher in adi-
pocyte precursors or stem cells than in mature adipocytes, 
was assessed (14–20). As we expected, expression levels of 
Cd34 and Mmp2 were higher in SVF of BAT from Cre-ERT2 
Bmp7flox/flox mice than those from Cre-ERT2 Bmp7+/+ mice 
(Fig. 7C). These results suggested that BMP7, produced by 
ILC2s, suppressed expression of Cd34 and Mmp2. We also 
examined the expression of Pparg, Prdm16 and Lpl, which 
are more highly expressed during adipocyte differentiation 
(48, 49). Before adipocyte maturation, there were no dif-
ferences in expression of Pparg, Prdm16 and Lpl between 
the BAT SVF from Cre-ERT2 Bmp7flox/flox mice and Cre-ERT2 
Bmp7+/+ mice (Fig. 7D). This result suggested that BMP7, pro-
duced by ILC2s, has no effect on the differentiation of stem 
cells into preadipocytes.
Finally, to elucidate the function of BMP7 produced by 
hematopoietic cells in vivo, we compared the size of fat drop-
lets in BAT from Vav1-iCre Bmp7+/+ with Vav1-iCre Bmp7flox/
flox mice, which lack BMP7 in hematopoietic cells (Fig.  7E). 
We confirmed that Bmp7 expression is undetectable in ILC2s 
of Vav1-iCre Bmp7flox/flox mice (Supplementary Figure 4B). 
As shown by hematoxylin and eosin staining, the fat droplet 
size in BAT from Vav1-iCre Bmp7flox/flox mice was larger than 
that from Vav1-iCre Bmp7+/+ mice (Fig. 7F). Furthermore, the 
number of fat droplets was higher in Vav1-iCre Bmp7+/+ mice 
compared to Vav1-iCre Bmp7flox/flox mice (Fig. 7G). However, 
the number of large fat droplets was higher in Vav1-iCre 
Bmp7flox/flox mice than Vav1-iCre Bmp7+/+ mice. Considering 
that ILC2s have high expression of Bmp7 in hematopoi-
etic cells, these results suggested that BMP7, produced by 
ILC2s, suppresses the number of fat droplets present and 
induces brown adipocyte differentiation.
Prdm16 expression was also lower in BAT of Vav1-iCre 
Bmp7flox/flox mice compared to Vav1-iCre Bmp7+/+ mice 
(Fig.  7H). From this result, we concluded that BMP7 pro-
duced by hematopoietic cells, particularly ILC2s, induces 
Prdm16 expression. Additionally, the fat droplet size did not 
differ in mWAT of Vav1-iCre Bmp7flox/flox and Vav1-iCre Bmp7+/+ 
(Supplementary Figure 4C and D). Thus, we concluded that 
BMP7, produced by ILC2s, contributes to brown adipocyte 
differentiation, but not white adipocyte differentiation, by 
regulating immature adipocyte markers.
Discussion
In this study, we focused on the role of ILC2s in adipose 
tissue in the steady-state condition, and found a novel role 
in adipogenesis via BMP7 production. Many previous reports 
have shown a dramatic role of ILC2s during type 2 inflamma-
tion that accompanies allergies and parasite infections (10); 
however, little is known about the function of ILC2s in the 
steady state. An involvement of ILC2s in adipose tissue in the 
inflammatory state was reported by Lee et al. who showed 
that ILC2s activated by IL-33 promote the growth of beige fat 
(27) and by Brestoff et al. who showed that ILC2s produce 
methionine-enkephalin peptides, which induce Ucp1 ex-
pression in vitro and promote beiging of white adipose tissue 
in vivo (26). These reports strongly indicate that activated 
ILC2s are involved in beiging in white adipose tissue during 
inflammation. However, we questioned why ILC2s are abun-
dant in the adipose tissue even in the steady state while the 
number of ILC2s in other tissues increases after inflammation. 
Therefore, we focused on the role of ILC2s in the adipose 
tissue in steady-state conditions, with particular focus on the 
interaction between ILC2s and adipocytes.
Our work demonstrates that ILC2s have high expression 
of Bmp2 and Bmp7, but not Bmp4 (Fig.  5; Supplementary 
Figure 2A). Because expression of Bmp2 and Bmp7 was 
down-regulated under IL-33-dependent inflammatory condi-
tions (Supplementary Figure 3), we expected that these fac-
tors might have a critical role in the steady state. Increased 
adipocyte precursor-related makers in the steady state of 
ILC2 deficient mice support this idea (Fig.  3), and in fact, 
ILC2 co-culture accelerated lipid accumulation in adipocytes 
in the absence of stimuli (Figs 4 and 6). The role of BMP2 from 
ILC2s is still unclear but we clarified that BMP7 from ILC2s is 
important for brown adipocyte differentiation. By using Vav1-
iCre Bmp7flox/flox mice, we demonstrate that ILC2-derived 
BMP7 is not only important for the regulation of preadipocyte-
related gene expression in vitro but also suppresses white 
adipogenesis in vivo. Collectively, BMP7 production from 
ILC2s regulates immature adipocyte marker expression and 
contributes to brown adipocyte differentiation in the steady 
state. In this study, we used cell lines for in vitro experiments. 
We first attempted to evaluate adipocyte differentiation using 
SVF isolated from white and brown adipose tissue, and 
mouse embryonic fibroblasts (MEFs); however, we were un-
successful in differentiating these into mature adipocytes. It 
is well known in this field that differences in results from cell 
lines and in vivo experiments are regarded as a common 
problem. We also obtained some data for these experiments 
which were difficult to interpret. We suspect that this failure 
to reproduce in vivo results was due to differences between 
preadipocytes in vivo and cell lines. Although we were un-
able to replicate the condition of mature adipocytes in vitro, 
we did find that the number of cells in SVF from white and 
brown adipose tissue, and the number of MEFs increased by 
co-culture with ILC2s isolated from white adipose tissue (data 
not shown). From these results, we concluded that ILC2s in-
duce the proliferation of stromal cells which include adipo-
cyte precursors.
We found that ILC2s express not only BMP7, but also 
BMP2, which is involved in white adipocyte differentiation 
(Fig. 5) (35). Although the function of BMP2 in ILC2s remains 
unclear, we suspect that BMP2, which induces white adipo-
cyte differentiation similar to BMP4 (35) and is produced by 
white adipose tissue ILC2s, has an effect on adipose tissue. 
Furthermore, on the basis of the results that ILC2s induce lipid 
accumulation in 3T3-L1 cells, which are a white preadipocyte 
cell line, we expect that some factors, including BMP2, from 
ILC2s are also involved in white adipocyte differentiation. We 
previously reported that ILC2 development is supported by 
mesenteric PDGFRα + glycoprotein 38 (gp38)+ mesenchymal 
cells (50). We detected the up-regulation of Pdgfra and other 
adipocyte precursor markers in ILC2-deficient mice (Fig. 3). 
We expected that ILC2s and adipocyte precursors would 
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Fig. 7. ILC2-derived BMP7 regulates brown adipocyte differentiation. (A) Experimental model of tamoxifen injection for Cre-ERT2 Bmp7+/+ and 
Cre-ERT2 Bmp7flox/flox mice. Mice were treated with tamoxifen (1 mg/25 g body weight) for five consecutive days and ILC2s were sorted 12 days 
after the first injection of tamoxifen. (B) Genotyping of ILC2s after sorting from Cre-ERT2 Bmp7+/+ and Cre-ERT2 Bmp7flox/flox mice. (C) Cd34 
and Mmp2 expression of brown adipocyte precursors cultured with ILC2s isolated from Cre-ERT2 Bmp7+/+ and Cre-ERT2 Bmp7flox/flox mice 
(5.0 × 104 cells per well). (D) Brown adipocyte markers were examined by RT–PCR. Pparg, Prdm16 and Pgc1a expression in brown adipocyte 
precursors cultured with ILC2s isolated from Cre-ERT2 Bmp7+/+ and Cre-ERT2 Bmp7flox/flox mice (5.0 × 104 cells per well). Data are presented as 
mean ± SD and are representative of 2–4 independent experiments. ns, not significant (P > 0.05); *P < 0.05. (E and F) Histological analysis of 
iBAT from Vav1-iCre Bmp7+/+ and Vav1-iCre Bmp7flox/flox mice. H&E staining was performed using 2 μm sections. (G) Number of fat droplets of 
7–8 regions within whole sections of iBAT from Vav1-iCre Bmp7+/+ and Vav1-iCre Bmp7flox/flox mice. (H) Prdm16 expression of iBAT from Vav1-iCre 
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studies should investigate whether ILC2s and adipocyte pre-
cursors interact during their development and maturation.
Previously, it was reported that BMP7 induces differentiation 
to brown adipocytes, and the expression of Ucp1, a marker of 
brown adipocytes, is up-regulated in mature brown adipocytes 
(7). In this study, the expression of Ucp1 was evaluated in vitro; 
however, while there was a trend toward Ucp1 up-regulation 
by co-culture of ILC2s with C3H10T1/2, this difference was not 
significant, suggesting that ILC2-derived BMP7 is involved in 
the progression of brown adipocyte differentiation but not able 
to completely induce mature brown adipocytes.
Elucidation of the role of ILC2s in inflammatory conditions, 
such as allergic diseases and parasitic infections, has pro-
gressed dramatically over the past decade, while analysis of 
their role in the steady state has lagged. At the tissue level, 
the analysis of ILC2s in the lung and intestine has steadily 
advanced, whereas few studies have analyzed ILC2s in the 
adipose tissue where they are most abundant. Our findings 
of the BMP7-mediated function of ILC2s in the adipose tissue 
in steady state that we report here raise many points that are 
difficult to interpret and require further analysis, but we hope 
that our data will contribute to understanding the full role of 
ILC2s in adipose tissue.
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